Brigham Young University

BYU ScholarsArchive
Theses and Dissertations
2022-04-07

Sub-Grain Characterization of Slip Activity in BCC Tantalum
Tristan Kirby Russell
Brigham Young University

Follow this and additional works at: https://scholarsarchive.byu.edu/etd
Part of the Engineering Commons

BYU ScholarsArchive Citation
Russell, Tristan Kirby, "Sub-Grain Characterization of Slip Activity in BCC Tantalum" (2022). Theses and
Dissertations. 9416.
https://scholarsarchive.byu.edu/etd/9416

This Thesis is brought to you for free and open access by BYU ScholarsArchive. It has been accepted for inclusion
in Theses and Dissertations by an authorized administrator of BYU ScholarsArchive. For more information, please
contact ellen_amatangelo@byu.edu.

Sub-Grain Characterization of Slip Activity in BCC Tantalum

Title Page

Tristan Kirby Russell

A thesis submitted to the faculty of
Brigham Young University
in partial fulfillment of the requirements for the degree of
Master of Science

David T. Fullwood, Chair
Eric Homer
Michael Miles

Department of Mechanical Engineering
Brigham Young University

Copyright © 2022 Tristan Kirby Russell
All Rights Reserved

ABSTRACT
Sub-Grain Characterization of Slip Activity in BCC Tantalum
Tristan Kirby Russell
Department of Mechanical Engineering, BYU
Master of Science
BCC metals are commonly used throughout the world and understanding their
deformation behavior, especially at the sub-grain level, is essential for their continued use in
technological advancements. Correctly and confidently characterizing the active slip systems in
BCC materials has been a difficult task throughout past research. The research described in this
thesis utilizes high resolution digital image correlation (HRDIC) and relative displacement ratio
(RDR) analysis to accurately characterize active slip systems in large grained BCC tantalum and
provides new insights into dislocation nucleation sites, relative CRSS values for {110} and
{112} slip systems, the correlation between GB transmission factors and strain gradients, the
relative length of NBGZs, and slip transmission.
A 99.99% pure tantalum oligo sample was sputtered with gold and remodeled to provide
high resolution data points to be used in HRDIC. The high resolution of the gold remodeled
samples combined with a RDR analysis made it possible to confidently identify active slip
systems during tensile deformation at room temperature. One of the observations from this
analysis was the discrepancy between the observed active slip systems and those predicted from
a simple single-CRSS Schmid’s Law. By considering the active systems observed in grains with
a range of orientation, it was concluded that the {112} slip systems have a higher CRSS than the
{110} by 6.7%. Independent CPFE simulations and experiments on single crystal samples of the
same material, agreed with our findings establishing a range of increased CRSS for {112} of
3.9%-7.1%. These conclusions are compared with the small number of available estimates of the
CRSS ratio, and lie in between the value of equal CRSS used by most modelers, and
experimental estimates of 15-25% higher for {112}.
The identified active slip systems were also used in the Luster and Morris equation to
calculate each GBs transmissivity factor – an estimate of strain incompatibility between
neighboring grains. Results indicate that there is an inverse correlation between GB
transmissivity and strain gradient slope, as well as a positive correlation between GB
transmissivity and slip trace reorientation for some GBs. Only one instance of slip transmission
was observed from the 24 GBs analyzed, suggesting it is an uncommon occurrence in BCC
tantalum.
An analysis of the length of the NBGZ in relation to slip and strain gradients was
compared to previous studies and suggests the relative and absolute length of the NBGZ changes
with grain size, at least for large length scales. Strain gradients for each side of the GB were
measured and results indicated steep negative strain gradient slopes that suggest dislocation
nucleation in the GBs and propagation towards the interior of the grain. When compared against
the transmissivity factor, an inverse relationship was found to exist between strain gradients and
high transmissivity factors.
Keywords: BCC, slip system, dislocation theory, RDR, digital image correlation, critical
resolved shear stress, grain boundary transmissivity
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1.1

INTRODUCTION

Motivation
Body centered cubic (BCC) metals represent an important and widely used class of

structural materials. Understanding their deformation response to loading is clearly fundamental
to the engineering of a wide variety of structures and components. Unlike their face centered
cubic (FCC) relatives, slip activity can occur on more than one slip system type for BCC metals,
and the properties of each system are likely to be significantly different from each other,
complicating the ability to predict deformation. Furthermore, accurate modeling of deformation
behavior requires insights into slip activity in two distinct regions – the typically homogeneous
grain center, and the region of heterogeneous deformation near grain boundaries (GBs)
One common approach to studying behavior associated with a particular metal or crystal
structure is to observe the behavior of an archetypal material. For BCC metals, pure tantalum has
been a popular standard BCC material for studying grain-level response of the available slip
systems. Studies have investigated the dominant slip mode, critical resolved shear stress (CRSS)
on the available systems and the potential influence of non-Schmid effects. However,
observations have generally been made at length scales that preclude the exact determination of
which slip systems are active. Consequently, there is still an open debate regarding various
aspects of these areas of study.
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In this study, recent advances in high resolution digital image correlation (HRDIC) and
relative displacement ratio (RDR) analysis are combined in order to provide unprecedented
observations of sub-grain level slip activity. Active slip systems are studied in the regions
surrounding a series of triple junctions in a large-grained Ta sample that is subjected to tensile
strain, thereby uncovering significant and novel insights into deformation behavior in the two
zones of the grain interior and near the GB.
Based upon observations in the grain interior, insights are gained into which slip systems
are active in pure tantalum, and their relative CRSS values are estimated – a topic of continued
discussion in the literature, with no clear consensus.
Examination of slip behavior near the GBs provides understanding of the range of
influence of the GBs on slip heterogeneity, and related strain gradients, geometrically necessary
dislocation distributions and orientation gradients. Furthermore, the geometrical origins of
dislocations that form the observed slip bands can be identified, and the propensity for slip band
transmission across GBs is analyzed.

1.2

Room Temperature Slip in BCC Tantalum
The simplest method for predicting the dominant active slip system in FCC materials is

through Schmid’s Law [5], due to the presence of only a single slip system type and associated
CRSS. If the local stress is known, or assumed to match the macroscopically applied stress,
Schmid’s law suggests that slip in a grain will first occur on the slip system with the highest
Schmid factor. For uniaxial deformation, the Schmid factor on a given slip system, 𝛼, is defined
in the equation below where 𝑚𝛼 is the Schmid Factor,  is the angle between the applied force
and the slip plane normal and  is the angle between the slip direction and applied force:
2

𝑚𝛼 = cos() cos()

(1)

If the initiation of local slip is assumed to correlate with macroscopic yielding, then Schmid
factors are related to critical resolved shear stress (CRSS), 𝜏𝐶𝑅𝑆𝑆 , in a single crystal (subjected to
uniaxial tension) by the equation:
𝛼
𝜏𝐶𝑅𝑆𝑆 = 𝑚𝑚𝑎𝑥
𝜎𝑦

(2)

where 𝜎𝑦 is the yield strength.
Slip in BCC materials is more complex due to the lack of a close packed plane, allowing
for slip to occur along the {110}, {112}, and {123} planes, all with potentially different CRSS
values. Previous studies indicate that slip in tantalum on the {110} is most common, followed
by slip along the {112}; and that slip along the {123} is very rare [8]. Byron [32] did an
extensive study of single crystal Ta in 1968 with various single crystal samples observed
throughout the range of the stereographic triangle and found the {110} system to be
overwhelmingly dominant, based upon macro level tensile data.
Chin in his study of yield loci at various temperatures in BCC materials [41] found that
{110} slip will occur in preference to {112} slip if the CRSS of the {112} system is 15% higher
than that for {110} (a ratio of .87 for CRSS{110}/CRSS{112}). This aligns with observations of
Sherwood et al [45] where slip on {112} system is observed in pure Ta only when the Schmid
factor for {110} is about 15% lower than that for {112}. Mauldin [42] in his analysis texture of
impact deformed tantalum, found that his simulations matched experiments when the CRSS ratio
was ~0.8. In a further study by Byron [32], {110} slip was preferred over {112} slip when the
3

Schmid factors were reasonably similar, and the data could be used to extract an apparent CRSS
ratio, which would likely be in agreement with those mentioned above. However, the authors did
not interpret the data as demonstrating a higher CRSS on the {112} system. Instead, they suggest
that slip observed to be {112} may be a combination of slip along {110} slip planes. Marichal
[43] found in his work with in-situ compression of BCC tungsten that when two {110} planes
containing the same slip direction experienced the same resolved shear stress, that they were
observed on a {112} plane. Hale [44] observed the same effect in BCC tantalum arguing that a
polarized dislocation core is the cause for the two {110} slip systems to combine along a {112}
plane. Given the state of the ongoing discussion, various modelers simply assume that the CRSS
of the two systems is equal (e.g. [47]).
It should be noted that active slip systems can change based on impurity content [9],
temperature [10,11], and deformation level [12]. All the slip traces analyzed in this paper were
analyzed from the same sample of 99.99% pure tantalum at room temperature. Carroll [6]
worked with 99.9% pure tantalum and Byron [32] with 99.99% pure tantalum.
Other factors exist that predict in which direction slip will occur; one example is the
Taylor Factor. In essence, this relates to Taylor’s hypothesis that general slip needs to occur
concurrently on at least 5 different slip systems [7]. Others have suggested that the size of the
grain also plays a role in which slip systems are active [6]. Carroll, in his investigation of slip in
large tantalum crystals, found there to be little correlation between grain size or the Taylor Factor
and effective strain [6]. Carroll did however find a high correlation between Schmid Factors and
effective strain [6].
This paper uses the unique insights gained from slip bands observed via HRDIC, and
accurate slip system characterization through RDR, to quantify the apparent CRSS difference
4

between the {112} and {110} systems. However, the observations are not necessarily able to
determine whether slip on the {112} planes is actually a manifestation of combinations of {110}
slip.

1.3

Observing Slip Activity
The most common modern method of identifying active slip systems is by observing slip

traces on the surface of a deformed sample that are associated with slip bands. By combining
these observations with orientation information from EBSD [13-15], the active slip plane can be
inferred. Although standard slip trace analysis provides a good basis for active slip system
identification, if multiple slip planes line up with the observed slip trace, the identified slip plane
may be ambiguous. Additionally, slip trace analysis fails to determine an active slip direction,
leaving much room for improvements in active slip system identification.
Modern HRDIC can also give insights into slip activity at the sub-grain level. Many
studies examine polycrystalline samples [16-18], but the complexities associated with small
grains and multiple grain neighbors has made detailed analysis difficult for typical levels of DIC
resolution. To counter that, other studies have been done using single [19], bicrystal [20], and
oligo samples in order to achieve high resolution relative to grain size. Carroll [6], for example,
used copper powder to pattern his large, grained tantalum oligo sample. The copper powder
technique Carroll applied had an average particle size of 300nm and a spacing of 9.7µm. This
level of resolution allowed Carroll to observe several regions of localized strain in most grains.
While this resolution was good, it wasn’t high enough to see the fine details associated with slip
bands, discussed later in this paper. More recently, Sperry [3] used the gold remodeling
technique suggested by Gioacchino [4] to perform HRDIC on a nickel superalloy. This
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technique allowed for the viewing of multiple slip bands as well as the strain associated with
them in a polycrystalline material.
As mentioned, using only slip trace analysis leaves a lot of ambiguity in active slip
system identification. The advent of RDR however reduces that ambiguity by using the detailed
strains obtained from HRDIC in conjunction with a standard slip trace analysis to identify not
only the active slip plane, but the active slip direction as well. This paper uses the combination
of gold remodeling HRDIC maps with a slip trace analysis to perform RDR analysis on multiple
slip traces to accurately identify, and subsequently study, the active slip systems in BCC
tantalum.

1.4

Slip in the Presence of a Grain Boundary/Triple Junction
The area near the grain boundary that experiences high levels of deformation

heterogeneity, including local changes in slip system activity, as well as orientation and strain
gradients, is commonly referred to as the Near Boundary Gradient Zone (NBGZ) [35-40]. In the
center of a grain, lattice rotation due to deformation is common, with the lattice typically rotating
toward the grain with which it shares the lowest misorientation [51]. However, near the GB,
lattices are constrained due to the requirement of compatibility with the bordering grain [50]. As
grains attempt to maintain mechanical compatibility and force equilibrium, the grain is
essentially separated into two zones. The first zone is the grain center where lattice rotation
happens easily. The second is the NBGZ where lattice rotation is constrained, resulting in strain
gradients, and necessitating the formation of geometrically necessary dislocations (GNDs) [47].
The attributes of the NBGZ have been associated with grain fragmentation [38], corrosion [39],
and deformation twining [40]. Different approaches have been taken to determine a length scale
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for the NBGZ and its effect on various properties. Mishra [35] suggested that the lengths of
NBGZs in neighboring grains can be related using the following equation:

𝑀𝑗 2.5
𝐿𝑖
∝( )
𝐿𝑗
𝑀𝑖

(3)

where L is the NBGZ length, M is the Taylor factor, and i and j represent the grain indices. The
equation indicates that the softer grain will have a larger NBGZ, relating to the relative
magnitude of the grain hardness, as indicated by their Taylor factors.
Rajendra [36] analyzed multiple grains larger than 5µm in a commercially pure
Aluminum sheet and recorded orientation gradients as GBs were approached. It was found that
in terms of misorientation, the NBGZ extended out roughly 20% of the grain’s diameter. Mishra
[35] performed a similar study also using recrystallized commercially pure aluminum. They
found the NBGZ associated with misorientation to extend roughly 6-8µm from the GBs, they did
not report the average grain size. This paper plans to build off these studies by utilizing
advanced imaging and characterization techniques to explore the NBGZ influence on
experimentally measured active slip systems, and strain gradients.
Strain incompatibility due to different active slip systems in neighboring grains leads to
the potential need to activate extra systems that might not be active in the center of the grain.
The level of this incompatibility can be quantified in various ways, but typically it is done by
measuring, in some way, the difference in orientation between the dominant slip systems in each
grain. Many incompatibility factors (or ‘transmissivity’ factors, since they also relate to the
potential for dislocations to pass through GBs) have been proposed over the years to attempt to
quantify the incompatibility of two neighboring grains [24-30]. Only the most common and
7

simple factor proposed by Luster and Morris will be described here. However, Hansen in his
dissertation [1] describes several other factors that could later be used to compare against the
Luster and Morris incompatibility factor. The incompatibility factor proposed by Luster and
Morris is referred to as 𝑚′ and follows the simple equation below [26]. The normal slip plane n,
and slip direction d for grains  and  are the key variables in the equation.

𝑚′ = |(𝒏𝛼 ⋅ 𝒏𝛽 )(𝒅𝛼 ⋅ 𝒅𝛽 )|

(4)

In this study we investigate the nature of slip near grain boundaries, including strain gradients
away from the grain boundary, multiple slip, and grain boundary induced slip reorientation

1.5

Dislocation Nucleation and Pileup at GB
Given that deformation behavior in Ta is dictated by dislocation activity, the sources of

dislocations clearly play a vital role. GBs have been noted to be a significant source of
dislocation nucleation. Li emphasized the importance of grain boundaries as a source of
dislocation nucleation, observing that dislocations nucleate from grain boundaries and propagate
inwards [23]. He argued that the evidence of Frank-Read sources is rare and cannot explain the
large density of dislocations seen in crystals under stress. His theory states that dislocations
nucleate at grain boundary ledges whose density is the same in the grain boundary. In contrast, a
recent study of a nickel super alloy [3] concluded that most dislocations originated in the grain
center – presumably from Frank-Reed sources [21]. This conclusion was based upon observing
detailed slip band activity, and inferring the origin of dislocation nucleation a; higher magnitude
slip will clearly occur in the regions where most dislocations have passed-through.

8

In this study, observations of slip activity will be made in the pure Ta oligocrystal in
order to determine the main sources of dislocations contributing to slip bands and overall
deformation. The potential transmission of dislocations through GBs will also be investigated.

9

2

EXPERIMENTAL METHODS

A 99.99% pure electron-beam melted tantalum ingot was obtained from HC Starck and
arrived with large columnar grains. See Table 1 for ppm values of the tantalum ingot. The
tabulated values represent maximum values in the ingot, and actual elemental values are likely to
be much lower than those listed. The tantalum ingot had a diameter of 200 mm, with grain
diameters of roughly 30mm. The ingot was cut into various 1mm thick plates using wire EDM,
from which different samples were removed. Single and bi-crystal samples were cut from two of
the 1mm discs for the experiments performed by Tsai [2] and analyzed by Zhou in 3.1.2, while a
third disc was used to obtain oligo crystal dog bone samples. Oligo crystals refer to samples that
exist somewhere between single crystals and poly crystals. Typically, they have somewhere
between 3-15 grains in their gauge region.
The tantalum discs were polished using typical metallographic preparation procedures
beginning with silicon carbide paper and ending with .3m alumina. After polishing, the discs
were etched using a mixture of 25% nitric acid, 25% sulfuric acid, 25% hydrofluoric acid, and
25% distilled water at room temperature in an ice bath. This allowed for the grain boundaries to
be visible which helped in preparation for the cutting of the samples. The discs were then
scanned to determine the orientations of each of the grains. The scans were done using electron
backscatter diffraction (EBSD) with a FEI Helios NanoLab 600 DualBeam FIB/SEM utilizing
EDAX TEAM software version V4.5.1-RC2.20170623.3.

10

Table 1: Maximum quantity of other elements in the tantalum ingot in ppm

Figure 1: One slice of the tantalum disc from which the oligo samples were cut. The colors indiciate
where the grains lie on the stereographical triangle.
11

Fig.1 shows the dimensions of the oligo crystal samples and their placement on the
original tantalum disc. Note that only O-3 was strained and analyzed in this paper. Once the
samples were cut, they were repolished and etched using the techniques discussed previously. In
order to apply a small enough pattern on the oligo samples to detect slip traces as done by Sperry
[3], a gold remodeling technique was adopted from Gioacchino [4]. This process begins by
sputtering the sample with pure gold using a sputter machine, we used a Quorum Q150T ES.
Once the sample is coated in gold with at least a 5nm thick layer, it needs to be heated to 320 C
on a hotplate. Once heated, a glass beaker full of water is placed alongside the sample on the
hotplate and both are covered leaving only a small gap for vapor to escape, see Fig. 2 taken from
Gioacchino’s paper [4]. The water vapor formed from the boiling water passes over the sample
for a period of roughly 3.5 hours and causes the gold to remodel on the materials surface.

Figure 2: An image taken from Giaocchinos paper [4] indiciating how to properly place the samples for
the remodeling process to take place.

With a remodeled surface, the material is ready to be imaged with Backscatter electron
(BSE) images for high resolution digital image correlation (HRDIC) datasets. 25 images were
taken covering an area of roughly 320m by 220m and then stitched together using Imagej’s
stitching plugin tool. This produced the large but detailed images used in the HRDIC analysis.
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Each individual image was taken at a resolution in which the gold particles, typically 400-600
nm in diameter with an average spacing of 1m, covered roughly 3-10 pixels. In this case, that
resolution was 650x magnification. Fig. 3 demonstrates the gold particle texture, while Fig. 4
shows what each of the captured images resembled.

Figure 3: An image of the remodeled gold’s texture on an oligo sample’s surface.

Figure 4: An example image of the oligo sample taken at the same magnification as those used in the
HRDIC analysis. Each gold particle takes up roughly 3-10 pixels.
13

The imaging was done only on the O-3 sample in Fig. 1 by centering on each triple
junction and then using hotkeys to move two screens to the left and two screens up. This ensures
the triple junction lies in the middle of the 25 captured images and that each image is a fixed
offset distance from the others. BSE images were then automatically taken using an autohotkey
script to control the microscope. Images were captured by moving by column and then row,
each consisting of 5 pictures each, see Fig. 5. Once all the pictures for each of the nine triple
junctions was taken, the sample was removed from the microscope and pulled to 1% strain on an
Instron machine with a 5000N load cell. The sample was then reinserted in the microscope and
images of each of the triple junctions were once again captured using the same process. This
method was repeated until the sample had been pulled to 4.74% strain.

Figure 5: An image taken from the Imagej GUI indiciating the direction in which the BSE images were
taken and stitched together

This method resulted in 6 stitched images per triple junction, correlating with 0%, .91%,
1.73%, 3.01%, 3.58%, and 4.74% strain. The images were then sent to our collaborator David
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Lunt at the University of Manchester who took the images for each triple junction and ran them
through the DaVis software. DaVis produced displacement maps using the relative position of
each gold particle, which were then fed through a python program that plotted HRDIC strain
maps. Note that due to the repeated removal and tensile testing of the sample, some external
particles were added to the samples surface at different strain steps, and some gold film was
removed from the surface, resulting in some noise in the HRDIC images. Each of the triple
junctions and grains were numbered for O-3 as seen in Fig 6. The orientations of each of the
grains was obtained using EBSD and their orientations are listed in Table 2.

Figure 6: A simplified model of the oligo sample drawn in a CAD software. The numbers indiicate the
grain number, and TJ1-TJ9 refer to the location of the corresponding triple junction

Table 2: Each of the grains with their corresponding Euler angles
Grain #
1
2
3
4
5
6
7
8
9
10

phi1
123.644
63.005
11.977
150.335
329.977
244.47
10.853
60.908
229.116
358.514
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PHI
phi2
57.023
267.38
118.767
247.28
73.345
318.04
90.187
278.33
128.05
318.02
107.687
57.02
128.334
47.79
78.294
39.79
129.902
70
39.278
350.06

As discussed previously, the advent of the RDR method allows for more accurate
identification of the active slip system in slip trace analysis. Slip trace analysis is used to
determine the most likely set of active slip systems and the RDR is used in conjunction to
identify the active slip system with greater certainty. The RDR method uses observations of fullfield deformation to infer the active slip system that would produce the observed relative
displacement across a slip band [33]. The RDR analysis [34] works by automatically selecting
points perpendicular to the slip trace (𝑃1 and 𝑃2 are the extrememes on both sides) and
calculating the relative displacement between them using the equation:
(5)

𝑢, 𝑣 and 𝑤 represent the displacements in the x, y and z directions. With displacement values
established, the displacements are then related to slip deformation through the Burgers vector
𝑏  = (𝑏𝑥 , 𝑏𝑦 , 𝑏𝑧 ) and slip plane normal 𝑛 = (𝑛𝑥 , 𝑛𝑦 , 𝑛𝑧 ) in the following equation:
(6)

where 𝑆 is the magnitude the relative displacement and  is the slip system. The HRDIC images
captured are only 2D, so the w term is not used in the RDR analysis in this paper.
All the slip trace analysis performed in this paper used at least 5 slip traces per orientation
to determine the active slip system and reduce human error. RDR reports all of the closest slip
systems within a misorientaion of 5 and the slip system with the lowest misorientation and
highest confidence was chosen.
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3

3.1

RESULTS AND DISCUSSION

Active Slip Plane Families

3.1.1

Measured Slip Plane Families

As discussed previously, RDR analysis was implemented on the HRDIC strain maps to
measure the active slip systems from the slip traces. The slip traces from the bulk of the grains
were predominately found to be part of the {110} family. The {112} slip traces were only ever
the majority in grains 3, 7, and 9. See the Fig. 7 for detailed HRDIC images with the measured
slip bands and their corresponding plane family. The observed grain center active slip systems
for each instance of every grain are tabulated in Table 3. When two of the same active slip
system are listed, it means multi-slip of the same family was observed within the grain.
Table 3: Details of every observed grain centered active slip system seperated by TJ. First Second, Third,
Fourth TJ refer to the first, second, third, and fourth TJ a grain appears in.
Grain
1
2
3
4
5
6
7
8
9
10

First TJ
{110} {110}
{110}
{110} {112}
{110}
{110} {112}
{110} {110}
{112}
{110}{112}
{112}
{110}

Second TJ
N/A
{110}
{110} {112}
{112}
{112}
{110} {110}
{112}
{110}
{112} {112}
N/A

Third TJ
N/A
N/A
{112}
{110}
{110}
{110}
{112}
N/A
N/A
N/A

17

Fourth TJ
N/A
N/A
N/A
{110}
N/A
{110}
N/A
N/A
N/A
N/A

Figure 7: All 9 TJs analyzed in this paper with the active slip system for each group of slip traces
that were analyzed. TJ1 in the top left with TJ9 in the bottom right. See Appendix for larger
individual images.
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3.1.2

Relative CRSS values

Table 3 lists the orientation of each of the observed grains, along with the maximum
Schmid factor for the {110} and {112} systems. The {123} system is not included in the analysis
because slip on this system was not observed (apart from one case, and only near a GB). The
dominant system, predicted by a simple Schmid factor analysis, is highlighted, and the actual
dominant system as observed by RDR is indicated with an asterisk. As can be observed, the
predicted dominant active system does no match the observed one, specifically in grains 1, 2, and
10. These results were presumed to be due to different CRSS values correlating with the two
systems.

Table 4: Highlighted values indiciate the predicted active slip systems while the asteriked values indicate
the observed. The discrepencies come from a predicted {112} and an observed {110}.
Grain #
1
2
3
4
5
6
7
8
9
10

phi1
123.644
63.005
11.977
150.335
329.977
244.470
10.853
60.908
229.116
358.514

PHI
57.023
118.767
73.345
90.187
128.050
107.687
128.334
78.294
129.902
39.278

phi2
267.38
247.28
318.04
278.33
318.02
57.02
47.79
39.79
70
350.06

110 Max SF
*0.3617
*0.4639
0.4646
*0.4944
*0.4378
*0.4867
0.4554
*0.4751
0.3734
*0.4713

112 Max SF
0.3882
0.4812
*0.4928
0.4654
0.4095
0.4584
*0.4972
0.4482
*0.4122
0.4918

SF Diff
0.0265
0.0173
0.0282
0.029
0.0283
0.0283
0.0418
0.0269
0.0388
0.0205

The observed active slip systems in the different grains in the oligocrystal can be used to
estimate the relative CRSS values (or apparent values – see the discussion in the introduction) of
the two active systems. In order to estimate the CRSS ratio between the two slip systems, an
assumed CRSS ratio, R= CRSS{110}/CRSS{112}, is varied from 0.9 to 0.98 in Fig 8. The maximum
{112} Schmid value is multiplied by this number for each grain, and the result is compared with
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𝛼
𝛼
the maximum Schmid factor for the {110} system in the same grain. If 𝑅 × 𝑚112
> 𝑚110
then

the {112} system would be expected to dominate in the grain, and vice versa for 110 (assuming
an approximately constant tensile stress across all grains). These predictions are then compared
with the actual observed activity in a given grain, and incorrectly predicting {110} activity in a
grain is assigned an error of positive 1; incorrectly predicting {112} activity is assigned a
negative 1. The sum of errors for all the grains, plotted against the CRSS ratio is shown in Fig. 8.
The result is a remarkably good linear relationship that results in the lowest error of zero at
R=0.937; i.e., a difference in CRSS values of 6.3%, compared with estimates in the literature of
around 15%, as detailed in the introduction.
Several other methods were used to estimate the difference in CRSS values for the two
slip systems in the same pure Ta material. Fifteen single crystal samples, with different
orientations relative to the tensile axis, were cut from the boule in Fig. 1. Several of these
samples were specifically oriented to have a high maximum {112} Schmid factor, relative to the
maximum {110} Schmid factor. These were pulled in tension, and the yield stress recorded for
each. Assuming that the yield for the single crystals followed a Schmid law, the CRSS values for
the {110} and {112} systems were estimated, and then optimized to best predict the observed
values (Fig. 9). The resultant values were 42 MPa for {110} and 45 MPa for {112}; i.e.,
indicating that the {112} CRSS is 7.1% higher than the {110} CRSS. This matches the estimate
made from observation of slip traces very well. The results are currently being prepared for
publication [48].
Two samples were selected from the single crystals mentioned above, one with
predicted dominant slip system in the {110} plane and one in the {112} plane. A standard
crystal plasticity model was used to simulate the two stress-strain curves, initially assuming
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equal CRSS on both systems; this did not give a good fit to the data. The assumed CRSS values
for the {112} and the {110} were then varied to optimally predict both the general shape of the
curve as well as the yield stress. The optimal parameters were found to be 51 and 53 MPa,
respectively, for {110} and {112} CRSS, i.e. an increase of 3.9%. The stress strain curves of the
two experiments and the fitted CP simulations are displayed in Fig. 10. Details of the model and
fitting process are given in [48].

Figure 8: Zero error is estimated to be at a ratio of .937
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Figure 9: Observed yield stress (black squares) for 15 different single crystal (individually named on the
x-axis). The colored lines are predicted yield stresses using a Schmid law, for different assumed CRSS
values of the {110} and {112} systems; the summed error is listed.

Figure 10: The CP curves Zhou fitted to experimental data to obtain the different CRSS values
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Finally, a correlation was observed between the magnitude of the yield point phenomena
(YPP) and the activity index defined in Eq. 7. The optimal values for CRSS to maximize the
linear correlation between YPP and activity index were found to be 48 Mpa for the {110} and 50
for the {112}; i.e., an increase of 4.2%. Fig. 11 shows the resultant correlation. While this is not
a rigorous method of determining CRSS, it is interesting that it correlates well with the other
values mentioned above.

Figure 11: The linear fit and 𝑅 2 value obtained by assuming a CRSS value of 48 Mpa and 50 Mpa for the
{110} and {112}

In summary, several different methods of estimating relative slip resistance on the {110}
and {112} systems in the pure Ta were performed. Actual observations of slip system activity
indicate that the CRSS of the {112} system is greater than that of the {110} family by 6.7%;
three other approaches on single crystals imply a range from 3.9%-7.1%, which helps to confirm
the initial findings. The studies previously mentioned in section 1.2 listed a range somewhere
between 15%-25%, or just assumed an equal CRSS for both slip systems. It is important to note
that the nature of observations and tests used in previous works is different from the studies
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presented here. The initial estimate of CRSS ratio discussed in this thesis draws conclusions
from direct observations of slip activity, while the other tests presented here, and the previous
published works, draw their conclusions from indirect methods such as analyzing texture or yield
loci. Sherwood [45] analyzed tension and compression test results for both tantalum and
niobium to arrive at his conclusion of the {112} having a higher CRSS than the {110} by 15%.
Chin [40] examined multiple yield loci of BCC materials in addition to tantalum and used the
results from all of them to arrive at his estimate of 15%. Lastly, Mauldin [42] arrived at his
value of 25% by fitting his simulations to his experiments of the texture formed from impactdeformed tantalum.
This is the most comprehensive study of relative CRSS for pure tantalum that we have
seen throughout the literature we have examined. The wide variety of methods used all produced
similar results adding to the credibility of the values presented in this paper. For the specific Ta
studied here, we believe that the estimate of a higher CRSS for {112} of 6.7% is the best result
available. These insights are foundational for accurate modeling of deformation behavior in this
BCC material. Tantalum is often used as an archetypal BCC material, so this approach to
determining relative CRSS values can be used in other BCC materials as well adding to
increased accuracy in modeling deformation behavior all BCC materials.

3.2

Notable Slip Trace Observations

3.2.1

Multi-slip

According to Taylor’s criterion, multi-slip is generally likely to occur due to the need for
several slip systems (at least 5) to accommodate an arbitrary applied strain. Given the expected
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more complex strain state in the regions of GBs, it is assumed that multi-slip will be more
prominent in these regions. Hence, we consider the presence of multi-slip in these two regions –
the grain center and near to GBs / TJs. In the grain centers of the oligo sample, multi-slip can be
observed in 5 of the 10 grains, and at a further two GBs when it does not occur in the grain
center (see Table 4).

Table 5: A characterization summary of the two different forms of multi slip
experienced throughout the grains
Grain
1
2
3
4
5
6
7
8
9
10

Grain Centered Multi Slip?
No
No
Yes
No
Yes
Yes
No
Yes
Yes
No

GB Multi Slip?
No
No
No
Yes
Yes
No
No
No
No
No

Same Slip Family?
N/A
N/A
Yes 1 No 2
Yes 2 No 2
Yes 1 No 2
Yes 2
N/A
No 1
Yes 1
N/A

Activity Value
2.6454
1.8677
2.1792
1.6441
1.9687
1.4755
2.1923
1.4604
1.9966
3.9759

Interestingly enough, the second slip system in grain centers sometimes changes from
triple junction to triple junction. This suggests that neighboring grains can play a role in
dislocation motion and subsequent slip systems even at a reasonably large distance from the
grain boundary. Table 3 lists every grain centered active slip system separated by TJ. The TJ
numbering system is explained in the caption of Table 3.
Multi slip at the grain boundary is less common and only appears within three grains.
There are unique characteristics associated with GB induced multi-slip however. First, multi slip
at the GB appears to only extend a set distance from the GB and then the slip traces reorient
themselves almost instantaneously. The observed characteristic distance from the GB is
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discussed in more detail in the following section. The second unique trait is the GB multi-slip’s
correlation with the GB transmissivity factor 𝑚′. Three of the four instances of GB multi-slip
occur when the transmissivity factor is high, suggesting that the easier it is for dislocations to
pass through a GB, the more likely we will have multi-slip at the GB. See section 3.3.1 as well
as Table 7 for more details.
An activity index was previously used by Tsai [2] to characterize the multi-slip of given
grains. A modification was made to the original equation to include the impact of the different
CRSS values. The CRSS modified equation is show below where 𝑎 is the activity index,  is a
slip system, 𝑚 is the strain rate sensitivity, and 𝑠 is the Schmid factor.

1

𝑎=∑
𝛼

𝑠𝛼𝑚 𝐶𝑅𝑆𝑆{110}
1
max (𝑠𝛼𝑚 ) 𝐶𝑅𝑆𝑆𝛼

(7)

In his work, he examined single crystal and bicrystals that are relatively free of grain neighbor
influences and was able to establish a relationship between activity index and multi-slip. Table 5
summarizes the multi-slip related findings for the 10 grains present in this oligo crystal sample
and suggests there is little relationship between the activity index and cases of multi-slip.

3.2.2

NBGZ Observations

As seen in TJ3, TJ4, TJ5, and TJ9 some slip traces change direction as they approach a
grain boundary. The length of the modified slip traces all seemed to be similar in distance from
the GB, so each instance of grain boundary influence was measured. The length decreases as the
grain boundary approaches a triple junction, so each of the modified slip traces was measured
roughly 250 m away from the triple junctions. 5 modified slip traces per grain boundary were
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measured and their average was 90.75 m with a standard deviation of 8.4 m. A normal
distribution was assumed, and a bell curve was plotted detailing the distribution of the grain
boundary influence length in Fig. 12

Figure 12: Normal distribution of grain boundary influence length based on measured slip traces

It was also observed that the highest strain gradients associated with the GB all appear to
stagnate at roughly the same distance from the GB, the calculations and significance of the strain
gradients are discussed in more detail in section 3.2.1. The normalization of the strain gradients
with slopes higher in magnitude than .007 are plotted in Figure 11 against distance from GB.
Fig. 13 shows which SG corresponds to each data point while Fig. 14 shows the exponential fit
applied to the data set. The asymptote of the fit was determined and the length of the NBGZ was
estimated as within 10% of the asymptotic value. The length was estimated to be around 165m.
The average grain diameter of the grains included in the oligo sample is approximately
10mm. The relative length of the NBGZ in relation to slip is then .9% of the grain’s diameter and
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the relative length of the NBGZ in relation to strain gradients is then 1.65% of the grain’s
diameter. This differs greatly from past works which independently found the relative length of
the NBGZ in relation to misorientation to be 20% of the grain’s diameter and the absolute length
to be roughly 6-8µm. This suggests that the length of the NBGZ differs depending on the metric
being analyzed. Another key insight is how both the absolute and relative lengths of the NBGZ
change with grain size. The studies in section 1.4 found the relative length of the NBGZ for
misorientation to be roughly 20% of the grain diameter while the analysis in this paper found the
relative length to be somewhere between .9-1.65%. This large decrease is most likely due to the
roughly 1000x larger grains analyzed in this paper. On the other hand, relative values increased
with increasing grain size. The literature found much smaller values of 6-8µm for absolute
length of the NBGZ while our findings suggested a length somewhere between 90-165µm.
These discrepancies imply that absolute sizes are increasing, while relative sizes of the NBGZ
are decreasing as the grain diameter increases, at least for large length scales. Additional studies
of grains with average diameters in between those studied here, and those studied in past work
would help in the discovery of the relationship between grain diameter and NBGZ relative and
absolute length. These insights are extremely important as they help understand and quantify
the size of the NBGZ for different metrics. Knowing the range of the area influenced by the
NBGZ for various factors like misorientation, slip, and strain is crucial to correctly modeling
material deformation, as well as for verifying accurate modeling of subgrain behavior.
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Figure 13: The strain points were normalized by diving each of the data points by its initial strain

Figure 14: The best fit curve to the high sloped SG data was found using an exponential fit.
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3.3

Dislocations

3.3.1

Dislocation Nucleation at Grain Boundaries

In order to test the theory that dislocations nucleate from grain boundaries, the HRDIC
strain maps were analyzed in MATLAB to quantify the strain gradient perpendicular to each
grain boundary. As discussed in 1.4, regions with higher magnitude slip will occur where more
dislocations have traversed. If we can observe a strain gradient away from a GB this will support
the hypothesis that dislocations are nucleating at the grain boundary and moving towards the
interior of a grain. First, a line was drawn parallel to the GB and the pixels it crossed were
recorded. The pixel colors were then averaged, and a new line was drawn offset 1 pixel
perpendicularly from the grain boundary. This was done starting with an offset of 7 pixels up to
an offset of 100 pixels, see Fig. 15 for a visual representation of the process. This analysis was
performed on both sides of the grain boundary to capture every representative grain boundary
strain gradient. After all the grain boundaries were analyzed the pixel colors were converted to a
strain value by comparing them with a colormap. The pixels were also converted to a micron
length scale to view the relationship between distance from grain boundary and strain in metric
terms.
The results of this analysis are tabulated in Table 5 and support the theory that
dislocations nucleate from GBs and propagate into grains. A best fit line was applied to each of
the strain gradients to quantify the relationship between distance from the grain boundary and
strain. The slope in Table 5 represents the slope of the best fit line of strain vs distance from
grain boundary and R^2 is the R^2 value associated with the best fit line. Fig. 16 provides an
example of how the data sets look plotted.
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Table 6: For details on which strain gradients refer to which IDs, see Figures 25-31in the appendix
Strain Gradient ID
SG1
SG2
SG3
SG4
SG5
SG6
SG7
SG8
SG9
SG10
SG11
SG12
SG13
SG14
SG15
SG16
SG17
SG18
SG19
SG20
SG21
SG22
SG23
SG24
SG25
SG26
SG27
SG28
SG29
SG30
SG31
SG32
SG33
SG34
SG35
SG36
SG37
SG38

Slope
-0.0026
0.0004
-0.0003
-0.0172
-0.0077
-0.0182
-9.00E+05
-0.01555
-0.0042
-0.0027
-0.0228
-0.0034
-0.0054
-0.0019
2.00E-05
0.0038
-0.0095
-0.0012
-0.0008
0.0022
-0.0058
-0.0125
-0.0032
0.0003
0.0003
0.0034
-0.0014
-7.00E-05
-0.0131
-0.0044
-0.02
0.0013
-0.0004
-0.0043
-0.0028
-0.0017
-0.0124
-0.0021
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R^2
0.4409
0.0146
0.0122
0.8065
0.6798
0.783
0.0004
0.7678
0.6887
0.6268
0.8186
0.4248
0.4372
0.1654
6.00E-05
0.6518
0.9082
0.2273
0.0065
0.4763
0.5075
0.8077
0.3645
0.0084
0.0142
0.5343
0.1439
0.0002
0.7747
0.3102
0.8534
0.1098
0.0144
0.4031
0.7088
0.6115
0.607
0.3135

Figure 15: An example of the method used in MATLAB. Pixels were averaged in a line parallel to the
slope of the GB moving perpendicularly away from it
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Figure 16: An example of how the SG slope was calculated using the data points obtained from
MATLAB
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Out of the 38 strain gradients analyzed, only 8 have a positive slope, meaning the strain is
decreasing as it approaches the GB for 21% of the GBs. Furthermore, most of the positive
slopes occur in the dark blue areas where strain is below 1.5% and have very low slopes,
suggesting there is very little gradient to begin with. On the other hand, when strain is high near
the grain boundary, we get cases like SG4, SG6, SG31, SG37, etc. with powerful negative
slopes. The average positive slope has a magnitude of .00147 while the average of the negative
slopes has an average of .00659, 4.5 times higher. In short, the majority of the positive slopes
seem to occur where there is very little strain gradient and thus very little dislocation motion.
When we see large buildup of strain at the grain boundaries however, we tend to see a relatively
large negative strain gradient, suggesting dislocations are emanating from the gain boundary.
The Luster and Morris 𝑚′ transmission factor was calculated for each of the grain
boundaries for which a strain gradient was evaluated. The relationship between 𝑚′ and strain
gradient is shown in Fig.17 and weakly suggests an inverse correlation between the two. This
correlation supports the original relationship between incompatibility and related strain gradients
near the GBs that Ashby proposed [49]. The values of 𝑚′ as well as their corresponding
location and strain gradient are tabulated in Table 6.
The results indicate that the hypothesis of dislocation nucleation at the GB and inward
propagation developed by Li is correct for BCC tantalum. However, Sperry [3] in a similar
study of a FCC superalloy found dislocation nucleation to occur at the grain center, most likely
due to Frank-Read sources, with very little dislocation movement near the GB. These studies
contradict each other but suggest that dislocation nucleation sites vary from material to material.
This contradiction highlights the necessity of studies like this in order to determine the correct
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location of dislocation nucleation for every material that is not captured in typical meso-scale
models.

Figure 17: A weak correlation is observed between transmission factor value and strain gradient slope
Table 7: The GBs were numbered starting with the left-down most GB of TJ1 and moving
counterclockwise. The process was continued through all the TJs. GBs 2 and 3 are not
included because values couldn’t be calculated.

3.3.2

Dislocation Transmission Across Grain Boundaries

As was previously discussed, the HRDIC data supports the hypothesis that dislocations
nucleate at grain boundaries and propagate towards the interior of a grain. This may reduce the
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propensity for dislocation transmission across a grain boundary (as reported in Sperry [3], for the
case when dislocations nucleated in the grain core). There is one exception, however, which
occurs at the grain boundary between grain 4 and grain 5 in TJ5. In this instance, there appear to
be slip bands that cross the GB, which infers dislocation transmission across the grain boundary
as noted in Fig. 18. SG 24 is essentially zero while SG 23 is negative, suggesting that
dislocations aren’t emanating from the grain boundary into grain 5, while they are emanating
from the grain boundary direction into grain 4. It should be noted that there is a steep strain
gradient on the left side of grain 5 suggesting dislocations may be emanating from there across
the grain into Grain 4. This is an exception however, as the other grain boundaries show no signs
of slip and consequently dislocation transmission across grain boundaries. In summary, with 24
GBs analyzed only one showed any signs of slip transmission, suggesting it is a very uncommon
phenomena in BCC tantalum.

Figure 18: The circles indicate slip traces that passed through the GB without changing orientation
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3.3.3

Dislocations Near Triple Junctions

Hansen [1] in his investigation of Geometrically Necessary Dislocations (GNDs) in
Tantalum found large flares of GNDs near the triple junctions as illustrated in Figure 15. He
used Electron Backscatter Diffraction (EBSD) techniques to measure GND content throughout
grains. In our HRDIC approach we do see slight increases in strain as we approach most triple
junctions, Figure 21 is a good example of this, however the strain increases almost uniformly.
Hansen observed thin GND flares that appear to be non-existent in our results. Fig. 20-28 are
large, detailed images of each TJ and upon inspection, show no strain flares emanating from the
TJ like those present in Fig. 19

Figure 19: A chart taken from Hansen’s paper [1] in which he shows the observed flares in dislocations
near the TJs
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4

CONCLUSIONS

The results of RDR slip trace analysis on HRDIC images allow for reliable
characterization of active slip systems in BCC tantalum deformed in tension at room
temperature. The main conclusions garnered from this detailed analysis are as follows:
•

Analysis of observed active slip systems in grains of 10 different orientations
indicates that the {112} system has a CRSS that is 6.7% higher than the {110}
system. Three alternative methods of determining the CRSS from single crystal data
were also presented and indicate that the {112} CRSS is higher by 3.9%-7.1%. These
values differ from the small number of previous works which suggested the {112} CRSS
is higher by 15%-25%, but those differences may stem from the fact that our work draws
conclusions from direct observations of slip activity while the previous work employs
indirect methods. This is the most detailed study that we have found in the literature for
estimating the relative CRSS values of the two systems. The implications of this
conclusion are twofold. Primarily that Schmid’s Law can be used to predict slip in BCC
materials if the appropriate CRSS ratio is applied. Second that this method should be
used to determine accurate CRSS ratios for other BCC materials to better model BCC
material deformation instead of relying on the assumption that the CRSS values are the
same as most simulations and models do.

•

Steep strain gradients along slip bands leaving GBs suggest nucleation of
dislocations at the grain boundary and dislocation propagation towards the interior
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of the grain in BCC tantalum. Comparing the strain gradients with incompatibility /
transmission factors suggests an inverse relationship between the two, namely that strain
gradients are more intense at GBs where incompatibility is greater (due to significant
difference in active slip system geometry between the neighboring grains). Looking at
other studies in conjunction with this paper indicate that dislocation nucleation sites differ
from material to material, thus performing analysis similar to what’s discussed in this
paper will allow for accurate characterization of each material.
•

Strain incompatibility near to GBs leads to the formation of a NBGZ that impacts
slip and strain gradients. Experimental analysis showed the average size of the NBGZ
causing slip disruption near to grain boundaries is around 90 m, and the amount of
disruption (compared to the slip activity in the grain center) correlated with high
incompatibility / transmission factors. The length of the NBGZ in relation to strain
gradients was found to be 165 µm. Considering these values alongside previous work
suggests two important insights. Foremost that the length of the NBGZ varies depending
on the metric, i.e., strain, misorientation, slip, etc. Second that the relative length of the
NBGZ decreases while the absolute length of the NBGZ increases as the average grain
diameter increases. Being able to correctly determine the length of the NBGZ in the
future will help with accurate sub grain modeling.

•

Dislocation transmission across GBs in BCC tantalum is a very rare occurrence.
Out of 24 GBs, only one showed visible slip traces passing unhindered through a GB.

These techniques have allowed us an unprecedented glimpse at the sub-grain workings of slip
activity in BCC tantalum. Future similar studies should be undertaken for other BCC materials
to conclude if these observations extend to all members of BCC family or just tantalum.
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Figure 21: TJ2

Figure 22: TJ3

46

Figure 23: TJ4

Figure 24: TJ5
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Figure 25: TJ6

Figure 26: TJ7
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Figure 27: TJ8

Figure 28: TJ9
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Figure 29: SG directions for TJ1

50

Figure 30: SG directions for TJ2

Figure 31: SG directions for TJ3
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Figure 32: SG directions for TJ4

Figure 33: SG directions for TJ5
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Figure 34: SG directions for TJ6

Figure 35: SG directions for TJ7
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